Introduction {#s1}
============

Drought has affected humans since the emergence of agriculture and has caused the collapse of several civilizations ([@CIT0051]; [@CIT0069]). Drought remains prevalent in the modern era; for instance, drought affected 1.13 × 10^7^ hm^2^ of agricultural land in China in the 1970s and doubled to 2.667 × 10^7^ hm^2^ in the 1990s. The effect of drought has been countered by developing water-saving agricultural practices based on engineering, agronomy and water management ([@CIT0056]; [@CIT0032]). Biotechnology is in its infancy with regard to accelerating production of drought-tolerant crops ([@CIT0049]; [@CIT0047]; [@CIT0039]). However, progress in this area is significantly hampered by the physiological and genetic complexity of the drought tolerance trait. Thus, an enhanced understanding of drought tolerance mechanisms is necessary to improve crop varieties.

Drought is caused by insufficient water for uptake; this phenomenon inhibits further nutrient absorption and affects crop growth, gene expression, distribution, yield and quality ([@CIT0051]; [@CIT0069]). To tolerate drought stress, plants have evolved adaptive mechanisms, including accumulation of high concentrations of compatible solutes in the cytoplasm to counteract drought stress ([@CIT0017]; [@CIT0010]). Plant responses to drought stress may involve metabolic pathways, such as photosynthesis, sugar synthesis, tricarboxylic acid cycle, glycolysis and hormone synthesis ([@CIT0050]; [@CIT0019]; [@CIT0014]). Metabolomic solutes, such as proline, betaine, fructose and sucrose, contribute to drought stress tolerance ([@CIT0011]; [@CIT0062]; [@CIT0057]). Metabolomic components may also participate in plant drought tolerance; however, information regarding drought tolerance-related metabolomic components is limited. A comparative metabolic analysis of the responses of drought-tolerant genotypes and drought-sensitive genotypes to drought stress should be conducted to determine the mechanisms related to drought stress adaptation and to understand plant drought tolerance ([@CIT0001]; [@CIT0035]). Metabolomic analyses have been applied to examine the abiotic stress tolerance of plants; these analyses can determine the specific responses of biological systems to genetic and environmental changes ([@CIT0040]; [@CIT0036]). Metabolomic analyses include various approaches, such as metabolic fingerprinting, metabolite profiling and targeted analysis, gas chromatography--mass spectrometry (GC--MS), liquid chromatography--Fourier transform mass spectrometry and nuclear magnetic resonance, to identify small-molecule metabolomic components. These technologies can be employed to identify metabolomic components accurately ([@CIT0034]; [@CIT0042]; [@CIT0005]). In wheat (*Triticum aestivum*), the metabolite profiling in response to salt stress ([@CIT0060]), temperature ([@CIT0025]), N nutrition ([@CIT0002]) and drought stress has been analyzed ([@CIT0007]). However, research on metabolomics has yet to be conducted to investigate the physiological and molecular differences in drought tolerance between drought-tolerant and drought-sensitive wheat genotypes.

In this study, drought-tolerant wheat genotypes and drought-sensitive wheat genotypes were selected and utilized to compare growth, photosynthetic indices and metabolic changes in the genotypes in response to drought stress in tissues through GC--MS. This study aimed to define the possible metabolomic profiles of wheat plants and to determine the physiological adaptive mechanisms by which wheat tolerates drought stress.

Methods {#s2}
=======

Plant materials and cultivation {#s3}
-------------------------------

The seeds of drought-tolerant wheat genotype (JingDong-17) and drought-sensitive wheat genotype (JingDong-8) were disinfected with 3% H~2~O~2~ for 20 min, rinsed with distilled water and soaked for 12 h at room temperature. The seeds were sown in 17 cm diameter plastic pots (20 seeds per pot), and each wheat genotype was planted on 25 pots. Each pot contained 2.5 kg of washed sand. The seedlings were watered daily with half-strength Hoagland's nutrient solution. All of the pots were placed outdoors but were sheltered from the rain; as a result, the day/night temperature range was 21.0--25.5 °C/18.5--21.0 °C.

Treatment and sampling {#s4}
----------------------

Twenty-five pots with wheat genotype seedlings growing uniformly were selected and divided randomly into five sets when the seedlings were 4 weeks old. Each set comprised five pots. Each pot was considered as one replicate with five replicates per set. One set was used to determine the growth index at the beginning of treatment, two sets were utilized as the untreated control group and the last two sets were considered as the stress treatment group. The pots subjected to drought stress treatments were not watered for 15 days; the control plants were watered daily. Wheat seedlings were harvested 15 days after drought treatment and before seedling death. After 15 days, one set of the control group and one set of the stress treatment group samplings were frozen immediately in liquid nitrogen and stored at −80 °C to extract the metabolites. The last set of the two groups of samples were dried at 80 °C for 72 h, and the dry weight (DW) was recorded. Before the plants were harvested, the shoot length and the photosynthetic indices were measured and obtained.

Measurement of growth {#s5}
---------------------

Relative growth rate (RGR) is defined as \[ln DW at the end of drought stress treatment − ln DW at the start of stress treatment\]/total treatment duration ([@CIT0024]). The absolute water content (AWC) of the seedlings was calculated as: (FW -- DW)/DW, where FW is fresh weight ([@CIT0065]).

Measurement of photosynthesis indices {#s6}
-------------------------------------

The photosynthetic indices were determined at 10:00 from the first fully expanded leaf blades by using an LI-6400XT portable open flow gas exchange system (Li-Cor, USA). The plants were treated with photosynthetically active radiation (PAR) of 1000 μmol m^−2^ s^−1^ (saturation irradiance) by utilizing red--blue light-emitting diodes. The maximum *PS*II quantum yield (*PS*II) was determined between 09:00 and 11:00 from fully expanded shoots by using Imaging-PAM (Walz, Effeltrich, Germany) ([@CIT0018]). The shoots were stored in the dark for approximately 20 min before measurements were done. The intensities of the actinic and saturating light settings were 185 and 2500 μmol m^--2^ s^--1^ PAR, respectively. Randomly selected 500 mg aliquots of fresh shoots were extracted in acetone and evaluated to determine the content of carotenoids (*Car*) and chlorophylls (*Chl*) *a* and *b*. Each extract was analyzed thrice through spectrophotometry at 440, 645 and 663 nm. Calculations were based on the equations reported by [@CIT0003].

Measurement of metabolites {#s7}
--------------------------

Shoot extracts were prepared through the following procedures: approximately 100 mg of each frozen tissue sample was transferred into 2 mL centrifuge tubes, and 60 μL of water containing ribitol as an internal standard was added to each tube. After the mixtures were vortexed with 0.3 mL of methanol and 0.1 mL of chloroform, a 70 Hz grinding mill system (Jinxin Biotech Ltd, Shanghai, China) was utilized to grind the samples for 5 min. The samples were incubated at 70 °C for 10 min. The tubes were centrifuged at 12000 r.p.m. at 4 °C for 10 min. Supernatant (0.35 mL) was decanted into a 2 mL volume screw-top glass tube. The samples were dried in a vacuum concentrator at 30 °C for 2 h. Each sample was dissolved in 80 μL of methoxamine hydrochloride and incubated at 37 °C for 2 h. The samples were further derivatized with *N*,*O*-bis(trimethylsilyl)-trifluoroacetamide (BSTFA) containing 1% trimethylchlorosilane (100 μL) at 70 °C for 1 h. Gas chromatography--time-of-flight/mass spectrometry analysis was performed using a 1D Agilent 7890 gas chromatograph system coupled with a Pegasus 4D time-of-flight mass spectrometer. The system was equipped with a DB-5MS capillary column coated in 5% diphenyl cross-linked with 95% dimethylpolysiloxane (30 m × 250 μm inner diameter and 0.25 μm film thickness; J&W Scientific, Folsom, CA, USA). An aliquot of the analyte (1 μL) was injected in a splitless mode. Helium was adopted as carrier gas; the front inlet purge flow was 3 mL min^−1^; and the gas flow rate through the column was 1 mL min^−1^. The initial temperature was maintained at 90 °C for 0.25 min; temperature was increased to 180 °C at a rate of 10 °C min^−1^ and to 240 °C at a rate of 5 °C min^−1^. The temperature was further increased to 285 °C at a rate of 20 °C min^−1^ for 11.5 min. Injection, transfer line and ion source temperatures were 280, 270 and 220 °C, respectively. The energy was set at −70 eV in an electron impact mode. MS data were acquired in a full-scan mode with an *m*/*z* range of 20--600 at a rate of 100 spectra/s after a solvent delay of 492 s.

Statistical analysis {#s8}
--------------------

Growth and photosynthetic activity variance and correlation were statistically analyzed using SPSS 13.0. All of the treatments were replicated five times. The means and calculated standard errors were reported. Metabolites were identified by searching FiehnLib, a commercial EI-MS library ([@CIT0023]). The resulting 3D data, including peak number, sample name and normalized peak area, were run in SIMCA 14.0 software package (Umetrics, Umea, Sweden) and subjected to principal component analysis (PCA) and orthogonal projections to latent structure-discriminant analysis. Non-commercial databases, including KEGG (<http://www.genome.jp/kegg/>), were utilized to identify metabolite pathways. The format data were uploaded to the MetaboAnalyst website ([www.metaboanalyst.ca/](http://www.metaboanalyst.ca/)) for further analysis ([@CIT0061]).

Results {#s9}
=======

Effect of drought stress on wheat seedling growth {#s10}
-------------------------------------------------

Evident genotypic difference in growth was observed between the two genotypes after the drought treatment was administered ([Fig. 1](#F1){ref-type="fig"}). The shoot dry weight and lengths of shoots were significantly affected by drought stress, which reduced the shoot dry weight at 16.9 and 9.5% in JD8 and JD17, and relative shoot length at 11.6 and 2.5%, respectively ([Fig. 1A](#F1){ref-type="fig"} and [B](#F1){ref-type="fig"}, *P* \< 0.05). Only the lengths of the shoots of JD17 were not significantly different between the control treatment and the drought stress treatment ([Fig. 1B](#F1){ref-type="fig"}). The RGR and AWC of the two different wheat genotypes decreased by 31.9 and 34.6% in JD8 (*P* \< 0.01), whereas these parameters decreased by 11.8 and 10.5% in JD17 under drought stress, respectively ([Fig. 1C](#F1){ref-type="fig"} and [D](#F1){ref-type="fig"}, *P* \< 0.05).

![Growth performances of two wheat genotypes under control and drought stress conditions at the seedlings stage. (A) The shoot dry weight under control for 15 days of drought stress conditions; (B) Shoot length; (C) Shoot relative growth rate (*RGR*); (D) Absolute water content (*AWC*). Asterisk and double asterisk indicate significant (*P* \< 0.05) and highly significant (*P* \< 0.01) differences between controls and treatments, respectively.](ply01601){#F1}

Effect of drought stress on photosynthetic activity {#s11}
---------------------------------------------------

To determine the effect of drought stress on the photosynthetic activity at the seedling stage, the values of net photosynthetic rate (*P*~*n*~), stomatal conductance (*g*~*s*~), maximal PS II quantum yield (*PS*II) and pigments in shoots were identified. After 15 days of drought stress, both wheat genotypes showed highly significantly reductions in *P*~*n*~ and *g*~*s*~ compared with that of the corresponding controls ([Fig. 2A](#F2){ref-type="fig"} and [B](#F2){ref-type="fig"}, *P* \< 0.01). The *PS*II value of JD8 was remarkably decreased under drought ([Fig. 2C](#F2){ref-type="fig"}, *P* \< 0.05). However, JD17 exhibited no significant difference compared with that of the control ([Fig. 2C](#F2){ref-type="fig"}, *P* \< 0.05). The altered trend of *Chl a* and *Chl b* were similar as *PS*II. The contents of *Chl a* and *Chl b* were significantly reduced by 12.4 and 10.1 of JD8 ([Fig. 2D](#F2){ref-type="fig"} and [E](#F2){ref-type="fig"}, *P* \< 0.05). No significant difference in *Car* content was detected between the sample under drought stress and the control group in the shoots of JD8 and JD17 ([Fig. 2F](#F2){ref-type="fig"}, *P* \< 0.05).

![Photosynthetic activity of two wheat genotypes under control and drought stress conditions at the seedlings stage. (A) Net photosynthetic rate (*P*~n~) under control and for 15 days of no water irrigating conditions; (B) Stomatal conductance (*g*~s~); (C) The maximum quantum efficiency of PSII primary photochemistry (*PSII*); (D) Chlorophyll a (*Chla*); (E) Chlorophyll b (*Chlb*); (F) Carotenoid (*Car*). Asterisk and double asterisk indicate significant (*P* \< 0.05) and highly significant (*P* \< 0.01) differences between controls and treatments, respectively.](ply01602){#F2}

Metabolic changes in response to drought stress {#s12}
-----------------------------------------------

To determine the physiological mechanisms of drought tolerance, the metabolic changes in the shoots responding to high drought were compared with those under normal growth conditions. A total of 58 types of metabolites were identified, and their corresponding concentrations were determined. PCA and OPLS-DA results ([Figs 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}) demonstrate an obvious distinction between samples under normal conditions and those subjected to drought treatment. The first principal component (PC1) and second principal component (PC2) represent 42.3 and 31.8% of the PCA, respectively ([Fig. 3A](#F3){ref-type="fig"}). The contribution of metabolites in the shoots for PC1 was dominated by oxalic acid, galactose and succinic acid, whereas chiorogenic acid, cellobiose and aconitic acid were major contributors of PC2 ([Table 1](#T1){ref-type="table"}). Pairwise comparative OPLS-DA was carried out with one orthogonal and one predictive component calculated for all of the models derived from the two classes of samples to obtain detailed information on the metabolic alterations of JD8 and JD17 under control and drought stress and the significance of metabolites contributing to the alterations. In this research, OPLS-DA models determined the variation between samples within the control and drought treatments. The score plots of OPLS-DA results demonstrated evident variation between two wheat genotypes under control and drought stress with good model quality ([Fig. 3](#F3){ref-type="fig"}[B--E](#F3){ref-type="fig"}).

###### 

Relative concentration and fold changes of metabolites in the shoots of JD8 and JD17 after 15 days of drought stress treatment. The relative concentration of each metabolite is an average of data from five biological replicates obtained through GC--MS. Fold changes were calculated using the formula Log~2~^(JD17/JD8)^ and log~2~^(drought/control)^. \**P* \< 0.05.

  Metabolites pathways     Metabolites name      Relative concentration   Fold changes                                                                 
  ------------------------ --------------------- ------------------------ -------------- -------------- ---------------- --------- --------- --------- ---------
  *TCA cycle*              Citric acid           8.16 ± 0.89              1.60 ± 0.14    4.63 ± 0.29    2.94 ± 0.51      −0.82     0.87      −2.35\*   −0.66
  Aconitic acid            40.97 ± 4.34          17.81 ± 1.70             16.31 ± 1.28   13.59 ± 1.35   −1.33\*          −0.39     −1.20\*   −0.26     
  Isocitric acid           0.01 ± 0.00           0.02 ± 0.00              0.01 ± 0.00    0.02 ± 0.00    0.10             0.11      0.73      0.74      
  α-Ketoglutaric acid      0.13 ± 0.02           0.16 ± 0.04              0.07 ± 0.01    0.10 ± 0.01    −0.95            −0.64     0.28      0.59      
  Succinic acid            14.21 ± 1.55          15.91 ± 1.77             5.98 ± 0.18    13.78 ± 1.22   −1.25\*          −0.21     0.16      1.20\*    
  Fumaric acid             0.04 ± 0.00           0.30 ± 0.03              0.01 ± 0.00    0.18 ± 0.01    −1.69\*          −0.76     3.09\*    4.02\*    
  Malic acid               10.84 ± 1.44          40.67 ± 4.31             12.04 ± 2.06   46.82 ± 4.18   0.15             0.20      1.91\*    1.96\*    
  Oxalic acid              4.26 ± 0.51           6.59 ± 0.86              1.79 ± 0.48    4.33 ± 0.66    −1.25\*          −0.60     0.63      1.28\*    
  *Glycolysis*             Pyruvic acid          0.48 ± 0.11              0.35 ± 0.05    0.23 ± 0.03    0.47 ± 0.04      −1.03\*   0.40      −0.43     0.99\*
  Phenylpyruvate           0.00 ± 0.00           0.00 ± 0.00              0.00 ± 0.00    0.00 ± 0.00    −1.56\*          0.57      0.64      2.77\*    
  Fructose-6-phosphate     0.14 ± 0.01           0.16 ± 0.03              0.35 ± 0.04    0.85 ± 0.02    1.29\*           2.45\*    0.11      1.27\*    
  Glucose-6-phosphate      0.21 ± 0.02           0.39 ± 0.03              0.14 ± 0.02    0.29 ± 0.01    −0.65            −0.41     0.87      1.11\*    
  Glucose                  0.02 ± 0.00           0.04 ± 0.00              0.01 ± 0.00    0.05 ± 0.01    −1.20\*          0.26      0.75      2.21\*    
  Sucrose                  12.15 ± 0.98          8.12 ± 0.91              5.51 ± 0.76    17.05 ± 1.09   −1.14\*          1.07\*    −0.58     1.63\*    
  Fructose                 46.68 ± 4.04          24.02 ± 3.15             12.55 ± 2.11   26.11 ± 3.02   −1.89\*          0.12      −0.96\*   1.06\*    
  *Amino acids*            Proline               11.48 ± 1.20             26.97 ± 2.88   9.34 ± 1.02    58.45 ± 4.49     −0.30     1.12\*    1.23\*    2.65\*
  Aspartate                10.63 ± 2.21          8.88 ± 1.76              12.28 ± 2.38   6.10 ± 0.89    0.21             −0.54     −0.26     −1.01\*   
  Serine                   7.84 ± 0.78           10.80 ± 1.11             4.33 ± 0.66    14.22 ± 1.80   −0.86            0.40      0.46      1.72\*    
  Valine                   4.73 ± 0.51           9.39 ± 1.09              2.66 ± 0.34    15.93 ± 0.58   −0.83            0.76      0.99\*    2.58\*    
  Alanine                  3.71 ± 0.31           3.61 ± 0.29              2.50 ± 0.33    3.71 ± 0.12    −0.57            0.04      −0.04     0.57      
  Glycine                  2.10 ± 0.28           2.18 ± 0.33              0.72 ± 0.05    3.09 ± 0.05    −1.55\*          0.50      0.06      2.11\*    
  Isoleucine               2.04 ± 0.25           4.92 ± 0.59              1.10 ± 0.11    8.67 ± 0.72    −0.88            0.82      1.27\*    2.97\*    
  Phenylalanine            1.28 ± 0.16           1.38 ± 0.14              1.10 ± 0.13    1.51 ± 0.11    −0.21            0.13      0.11      0.45      
  Threonine                1.25 ± 0.16           2.62 ± 0.04              0.76 ± 0.08    4.04 ± 0.55    −0.72            0.63      1.07\*    2.42\*    
  Leucine                  0.97 ± 0.02           2.35 ± 0.13              0.68 ± 0.10    2.20 ± 0.78    −0.51            −0.10     1.28\*    1.69\*    
  Lysine                   0.69 ± 0.41           0.55 ± 0.05              0.22 ± 0.02    0.48 ± 0.03    −1.68\*          −0.21     −0.33     1.13\*    
  Methionine               0.68 ± 0.10           0.48 ± 0.02              0.27 ± 0.03    0.37 ± 0.04    −1.31\*          −0.39     −0.49     0.43      
  Glutamate                0.93 ± 0.02           0.43 ± 0.03              1.98 ± 0.13    0.49 ± 0.02    1.09\*           0.19      −1.11\*   −2.01\*   
  Glutamine                1.57 ± 0.13           0.35 ± 0.02              2.02 ± 0.18    0.26 ± 0.02    0.36             −0.43     −2.17\*   −2.96\*   
  Ornithine                0.28 ± 0.02           0.23 ± 0.02              0.15 ± 0.01    0.17 ± 0.02    −0.90            −0.42     −0.31     0.18      
  Asparagine               0.41 ± 0.03           0.15 ± 0.01              0.59 ± 0.01    0.14 ± 0.01    0.52             −0.17     −1.42\*   −2.11\*   
  L-Cysteine               0.04 ± 0.00           0.06 ± 0.01              0.02 ± 0.00    0.05 ± 0.00    −0.75            −0.33     0.49      0.91      
  Citrulline               0.10 ± 0.02           0.16 ± 0.00              0.09 ± 0.01    0.17 ± 0.01    −0.10            0.05      0.70      0.85      
  Tryptophan               0.06 ± 0.00           0.05 ± 0.00              0.03 ± 0.00    0.05 ± 0.00    −1.16\*          −0.06     −0.25     0.85      
  *Sugars and polyols*     Mannose               107.54 ± 9.76            23.03 ± 0.45   55.54 ± 3.68   156.74 ± 11.26   −0.95\*   2.77\*    −2.22\*   1.50\*
  myo-Inositol             63.37 ± 4.87          45.01 ± 5.12             35.48 ± 1.99   36.47 ± 1.57   −0.84            −0.30     −0.49     0.04      
  Lyxose                   39.38 ± 2.05          43.31 ± 1.98             18.34 ± 0.79   31.28 ± 1.66   −1.10\*          −0.47     0.14      0.77      
  Galactinol               13.40 ± 0.59          12.85 ± 1.22             7.03 ± 0.59    6.81 ± 0.62    −0.93            −0.92     −0.06     −0.05     
  Tagatose                 2.27 ± 0.04           1.76 ± 0.18              1.21 ± 0.12    2.61 ± 0.33    −0.91            0.57      −0.37     1.11\*    
  Altrose                  1.44 ± 0.14           1.64 ± 1.36              0.93 ± 0.10    1.36 ± 0.28    −0.63            −0.27     0.18      0.55      
  Glucoheptose             0.46 ± 0.30           0.42 ± 0.05              0.29 ± 0.02    0.46 ± 0.06    −0.69            0.12      −0.14     0.67      
  Ethanolamine             0.75 ± 0.06           0.69 ± 0.07              0.41 ± 0.03    0.65 ± 0.03    −0.88            −0.10     −0.12     0.66      
  Galactose                0.31 ± 0.03           0.34 ± 0.04              0.14 ± 0.01    0.35 ± 0.05    −1.20\*          0.02      0.15      1.36\*    
  Lactose                  0.21 ± 0.01           0.29 ± 0.02              0.10 ± 0.02    0.26 ± 0.01    −1.01\*          −0.15     0.47      1.33\*    
  Fucose                   0.12 ± 0.01           0.11 ± 0.01              0.05 ± 0.00    0.08 ± 0.00    −1.35\*          −0.48     −0.11     0.76      
  Gentiobiose              0.12 ± 0.01           0.22 ± 0.03              0.07 ± 0.00    0.20 ± 0.01    −0.79            −0.12     0.86      1.53\*    
  Xylose                   0.09 ± 0.01           0.10 ± 0.00              0.03 ± 0.00    0.08 ± 0.00    −1.50\*          −0.28     0.09      1.31\*    
  Cellobiose               0.07 ± 0.00           0.02 ± 0.00              0.01 ± 0.00    0.01 ± 0.00    −2.43\*          −0.87     −1.55\*   0.01      
  Trehalose                0.03 ± 0.00           0.01 ± 0.00              0.02 ± 0.00    0.05 ± 0.00    −0.66            2.42\*    −1.65\*   1.43\*    
  Sedoheptulose            0.03 ± 0.00           0.05 ± 0.00              0.01 ± 0.00    0.03 ± 0.00    −1.18\*          −0.77     0.76      1.17\*    
  *GABA shut*              γ-Aminobutyric acid   33.31 ± 1.75             40.62 ± 2.84   36.02 ± 2.45   17.37 ± 0.77     0.11      −1.23\*   0.29      −1.05\*
  Putrescine               0.02 ± 0.00           0.01 ± 0.00              0.01 ± 0.00    0.01 ± 0.00    −0.89            −0.35     −1.55\*   −0.62     
  Succinate Semialdehyde   0.06 ± 0.00           0.10 ± 0.01              0.05 ± 0.00    0.10 ± 0.00    −0.25            0.04      0.67      0.96      
  *Shikimic path way*      Shikimic acid         17.89 ± 0.63             18.78 ± 1.17   5.40 ± 0.54    8.14 ± 0.50      −1.73\*   −1.20\*   0.07      0.59
  Quinic acid              4.09 ± 0.65           3.94 ± 0.29              1.35 ± 0.12    1.36 ± 0.10    −1.60\*          −1.53\*   −0.05     0.02      
  Cinnamic acid            0.07 ± 0.01           0.03 ± 0.00              0.06 ± 0.00    0.05 ± 0.01    −0.20            0.87      −1.32\*   −0.25     
  Chlorogenic acid         0.53 ± 0.01           0.25 ± 0.02              0.22 ± 0.04    0.12 ± 0.01    −1.28\*          −1.00\*   −1.11\*   −0.83     
  Ferulic acid             0.06 ± 0.00           0.08 ± 0.00              0.05 ± 0.00    0.05 ± 0.00    −0.45            −0.65     0.28      0.08      

![Principal component analysis (PCA) and orthogonal partial least squares discriminant analysis (OPLS-DA) of metabolic profiles in shoots of JD8 and JD17 under control and drought stress (five biological replicates). (A) PCA in shoots; (B) OPLS-DA between JD8-CK and JD8-DS; (C) OPLS-DA between JD17-CK and JD17-DS; (D) OPLS-DA between JD8-CK and JD17-CK; (E) OPLS-DA between JD8-DS and JD17-DS. Control, CK; Drought Stress, DS. JD8-CK is indicated in green; JD8-DS is indicated in blue; JD17-CK is indicated in red; JD17-DS is indicated in yellow.](ply01603){#F3}

Difference in metabolic profiles between drought-tolerant genotype and drought-sensitive wheat genotype under normal condition or drought stress {#s13}
------------------------------------------------------------------------------------------------------------------------------------------------

Genotypic difference in metabolic profiles was observed under the normal condition. The drought-sensitive genotype JD8 exhibited dramatically higher contents of 24 metabolites and radically lower contents of two metabolites in shoots compared with that of the drought-tolerant genotype JD17 ([Table 1](#T1){ref-type="table"}, *P* \< 0.05). These up-accumulated metabolites in JD8 were mainly sugars and organic acids, including cellobiose, fructose and sucrose, and shikimic acid, fumaric acid and quinic acid. In contrast, the fructose-6-P and glutamate contents of JD17 were significantly higher than that of JD8 ([Table 1](#T1){ref-type="table"}, *P* \< 0.05).

In shoots, there were five and four metabolites showing significantly higher and lower contents in JD17 than those in JD8 under drought stress, respectively ([Table 1](#T1){ref-type="table"}, *P* \< 0.05). The up-accumulation metabolites in JD17 included mannose, fructose-6-P, trehalose and proline ([Table 1](#T1){ref-type="table"}, *P* \< 0.05). The difference in mannose content between the two genotypes was the most significant, implying the higher capability of the drought-tolerant genotype wheat in sugar biosynthesis and carbon storage in shoots. The metabolites that exhibited an increase in JD8 were quinic acid, glutamate, shikimic acid and chlorogenic acid ([Table 1](#T1){ref-type="table"}, *P* \< 0.05).

Discussion {#s14}
==========

Effect of drought stress on wheat seedling growth and photosynthetic activity {#s15}
-----------------------------------------------------------------------------

During the seedling stage, the plants are sensitive to adverse external factors because the initial performance of plants significantly affects plant growth and development ([@CIT0037]; [@CIT0015]). The results showed that the dry weight and lengths of shoots in JD8 were significantly reduced than that in JD17 under drought stress ([Fig. 1A](#F1){ref-type="fig"} and [B](#F1){ref-type="fig"}, *P* \< 0.05). Relative growth rate and AWC reflect the life-sustaining activities of the plant and are considered the optimum indices for the degree of stress and response of plants to various stresses; thus, these indices should be considered in evaluating drought tolerance ([@CIT0063]). In this study, the RGR and AWC of the two wheat genotypes were inhibited under drought stress. However, the reduction of JD8 was greater than that in JD17 ([Fig. 1C](#F1){ref-type="fig"} and [D](#F1){ref-type="fig"}, *P* \< 0.05). The phenomenon implies that the decrease in RGR was caused by the decrease in *P*~*n*~. The results indicated that the mechanisms of drought tolerance in JD8 and JD17 differ, and the JD17 tends to maintain a relatively high growth under drought stress. The results were consistent with the findings in the literature ([@CIT0052]; [@CIT0068]; [@CIT0046]).

The rate of plant photosynthesis usually decreases with increasing stress intensity ([@CIT0026]; [@CIT0058]). Drought stress remarkably influenced the indices of photosynthesis with *P*~*n*~ exhibiting a substantial decrease ([Fig. 2A](#F2){ref-type="fig"}, *P* \< 0.01). *g*~*s*~ was closely correlated with the change in wheat AWC. The change in *g*~*s*~ of wheat resulted from the response to the decrease in environmental water potential and intracellular AWC ([Fig. 2B](#F2){ref-type="fig"}, *P* \< 0.01). The reduction of wheat *P*~*n*~ is considered to be a result of the decrease of *g*~*s*~ caused by stomatal factors, which depend on the cumulative effects of shoot water and osmotic potential ([@CIT0006]). The effect of the 15-day drought stress on the leaf fluorescence properties of different wheat genotypes demonstrates that *PS*II shows a different degree decrease. JD8 reduced significantly by 15.7%. However, JD17 did not achieve a significant level of reduction ([Fig. 2C](#F2){ref-type="fig"}, *P* \< 0.05). The results indicated that photoinhibition occurs and the photosynthetic tissue *PS*II of JD8 was destroyed under drought stress. However, this outcome had not occurred in JD17. *Chl* and *Car* are the main photosynthetic pigments in higher plants ([@CIT0008]). Under drought stress, *Chl a* and *Chl b* of JD17 were stimulated, but these pigments decreased sharply in JD8 ([Fig. 2C](#F2){ref-type="fig"} and [D](#F2){ref-type="fig"}, *P* \< 0.05). This result implies that drought stress may enhance the activity of the *Chl*-degrading enzyme chlorophyllase in JD8 ([@CIT0048]; [@CIT0064]). The results demonstrated that the chlorophyll content of shoots decreased rapidly with the increase of drought stress time, causing the transfer rate from *LHC*II to *PS*II to decrease and protein concentration of the complex to decline rapidly. Compared with the drought-sensitive wheat genotype, drought-tolerant wheat genotype exhibited a protection mechanism. These results are consistent with those obtained by [@CIT0066] and [@CIT0053].

Metabolic changes in response to drought stress {#s16}
-----------------------------------------------

Metabolome research in plant systems is progressing, and there are three different applications of metabolome analysis, including target metabolic analysis, metabolomic analysis and metabolic fingerprinting analysis ([@CIT0004]; [@CIT0045]; [@CIT0055]). In this study, we used metabolomic analysis to study two wheat genotypes, conducting a metabolic pathway analysis and metabolic network analysis under the same drought stress conditions. Changes in the metabolism were relatively stable after 15 days drought stress treatment, which is a suitable time period for studying the relationship between metabolites and drought resistance of wheat.

Based on the PCA results, the shoots under drought stress and those from the control differed in 19 and 32 metabolites with a significant change in JD8 and JD17, respectively ([Table 1](#T1){ref-type="table"}, *P* \< 0.05). When compared with control samples, JD8 had significantly higher contents of 8 metabolites and significantly lower contents of 11 metabolites in shoot, meanwhile, 28 and 4 metabolites showed significantly higher and lower contents, respectively ([Table 1](#T1){ref-type="table"}, *P* \< 0.05). Some metabolites exhibited a similar change in response to drought stress in both genotypes. Under drought stress, the metabolites that showed significant increase were fumaric acid, malic acid, proline, valine, isoleucine, threonine and leucine. In shoots, metabolites that substantially decreased included glutamate, glutamine and asparagine. Nevertheless, the magnitude of these changes was more evident in JD17 than JD8 ([Table 1](#T1){ref-type="table"}, *P* \< 0.05). Meanwhile, in response to drought stress, the mannose, fructose, sucrose and trehalose content of shoots in JD17 increased significantly, whereas their content decreased in JD8 ([Table 1](#T1){ref-type="table"}, *P* \< 0.05). Furthermore, some types of organic acids and sugars significantly decreased under drought stress in JD8, including aconitic acid, citric acid, cinnamic acid and chlorogenic acid, and fructose, mannose and cellobiose ([Table 1](#T1){ref-type="table"} and [Fig. 4](#F4){ref-type="fig"}, *P* \< 0.05). Moreover, JD17 exhibited significantly higher contents of 28 metabolites, such as succinic acid, oxalic acid, aspartic acid and serine ([Table 1](#T1){ref-type="table"} and [Fig. 4](#F4){ref-type="fig"}, *P* \< 0.05), under drought stress than that in the control group. This result probably assumed that drought-sensitive wheat genotype has a greater capacity in regulating drought stress than drought-tolerant wheat genotype by producing more sugars, organic acids and amino acids in shoots.

![Change in metabolites of the metabolic pathways in shoots of JD8 and JD17 after 15 days of drought treatment, metabolic changes for wheat plants upon drought stress obtained from OPLS-DA analysis. The proposed metabolic pathways were based on web-based metabolic pathway database MetaCyc (<http://www.metacyc.org>) and the literature. Metabolites with red boxes denote significant increases while with green ones denote significant decreases. The bold-lettered metabolites were detected in this study. The level of significance was set at *P* \< 0.05.](ply01604){#F4}

The response of metabolites to drought stress varied between the two wheat genotypes. TCA cycle was significantly enhanced in JD17 by succinic acid, fumaric acid, malic acid and oxalic acid, which were substantially increased, but not all in JD8 ([Table 1](#T1){ref-type="table"} and [Fig. 4](#F4){ref-type="fig"}, *P* \< 0.05). In glycolysis, pyruvic acid, phenylpyruvate (PEP), fructose-6-P, glucose-6-P, glucose, sucrose and fructose were remarkably increased; this result indicated that sugar production was enhanced by drought stress in JD17 ([Table 1](#T1){ref-type="table"} and [Fig. 4](#F4){ref-type="fig"}, *P* \< 0.05). In contrast, sucrose and fructose were significantly reduced, indicating that glycolysis was inhibited in JD8 ([Table 1](#T1){ref-type="table"} and [Fig. 4](#F4){ref-type="fig"}, *P* \< 0.05). Both the γ-aminobutyric acid (GABA) shunt and shikimate pathway were inhibited under drought stress in D8, resulting in a decrease in putrescine, cinnamic acid and chlorogenic acid contents, whereas these acids were not significantly affected by drought stress in JD17 ([Table 1](#T1){ref-type="table"} and [Fig. 4](#F4){ref-type="fig"}, *P* \< 0.05). The GABA shunt process of JD17 deceased under drought stress by the reduction of γ-aminobutyric acid levels, whereas shikimate pathway exhibited no significant change. Most amino acids in both wheat shoot genotypes increased under drought stress compared with those of the control treatment, although the extent of this increase was significantly higher in JD17 than that in JD8 ([Table 1](#T1){ref-type="table"} and [Fig. 4](#F4){ref-type="fig"}, *P* \< 0.05).

Drought stress affects shoot functions upon exposure to drought stress; however, several organic molecules are known to play important roles during osmotic adjustment, including amino acids, sugars and organic acids, which potentially aid in balancing the osmotic potential of the vacuoles ([@CIT0041]). The evident difference in the response of metabolites to drought stress between shoots, as well as genotypes, was observed. The results indicated that TCA cycle, glycolysis and sugar accumulation were enhanced; although the GABA shut process was inhibited in shoots under drought stress of drought-tolerant wheat genotypes ([Table 1](#T1){ref-type="table"} and [Fig. 4](#F4){ref-type="fig"}, *P* \< 0.05). In contrast, TCA cycle, glycolysis and sugars synthesis appeared to be inhibited in shoots. Meanwhile, the GABA shut and shikimic path way were inhibited under drought stress in drought-sensitive wheat genotypes ([Table 1](#T1){ref-type="table"} and [Fig. 4](#F4){ref-type="fig"}, *P* \< 0.05). The results implied that a high level of energy and sugar content is crucial for shoots to develop drought stress tolerance, and active synthesis metabolism is a basic response for shoots to tolerate drought stress ([@CIT0044]; [@CIT0031]). The active synthesis metabolism of nutrients, including sugars, proline and organic acids, were dramatically enhanced in shoots, which improved the ROS detoxification capacity, osmotic adjustment, membrane stability and drought tolerance ([@CIT0020]; [@CIT0031]; [@CIT0033]). On the basis of the comparison of metabolic profiles and the SPAD value between the two genotypes under control and drought stress, we may conclude that JD17 contains higher compatible solutes, exhibits a more active metabolite synthesis and shows a more rapid growth than JD8 under drought stress.

In response to drought stress, proline protects plant cell membranes and proteins and functions as a scavenger of reactive oxygen species ([@CIT0013]; [@CIT0019]). In the present work, proline levels increased by approximately 1.23-fold in the shoots of JD8, and by 2.65-fold in JD17. Furthermore, proline accounted for 22.7 and 35.6% of the free amino acids in the control group and up to 23.1 and 48.5% in JD8 and JD17 of those after drought stress exposure, respectively. The similar significant increase in proline contents was reported by [@CIT0033] and [@CIT0012] in wheat. Proline accumulation is possibly caused by an increase in glutamate-mediated biosynthesis ([@CIT0067]). In this study, the decrease in transamination-related metabolites, including aspartate, glutamate, glutamine, asparagine and γ-aminobutyric acid, with prolonged drought stress is consistent with the diversion of metabolic activities to proline biosynthesis ([@CIT0021]; [@CIT0027]) ([Table 1](#T1){ref-type="table"}, *P* \< 0.05). Furthermore, the decrease in the levels of these metabolites complement the demands of proline biosynthesis in JD17, and these demands were greater than those in JD8; this finding suggested that JD17 contains more excess metabolites that can be further converted into proline through the action of Δ1-pyrroline-5-carboxylate synthetase than JD8. The changes in valine, isoleucine, threonine and leucine are probably related to gluconeogenesis to relieve transamination products because these amino acids are glucogenic amino acids linked to pyruvate metabolism ([@CIT0067]). The increase in these amino acids was probably associated with the inhibition of protein biosynthesis or with enhanced protein degradation because plant growth was clearly inhibited with prolonged drought stress after 15 days. In JD17, the increase in serine and glycine derived from 3-phosphoglycerate is probably linked with glycolysis metabolism, which functions as plant endogenous antioxidants ([@CIT0028]).

Studies have shown that sugars, including sucrose, fructose and glucose, are compatible solutes in response to drought stress ([@CIT0016]; [@CIT0054]). Our results showed that the accumulation of some sugars, including sucrose, fructose, mannose and tagatose, in JD17 remarkably increased under drought stress ([Table 1](#T1){ref-type="table"}, *P* \< 0.05). Changes in these sugars have been reported in drought-stressed cotton (*Gossypium hirsutum*) during long-term drought ([@CIT0009]; [@CIT0038]; [@CIT0030]). However, these sugars decreased in response to drought stress in sensitive genotype wheat JD8 ([Table 1](#T1){ref-type="table"}, *P* \< 0.05). In this study, the accumulation of mannose increased with prolonged drought stress. Compared with that of the control, the mannose of the group exposed to drought stress accounted for 40.3--55.8% of the total sugars in JD17. Mannose was increased in the shoots of the drought-tolerant wheat genotype subjected to drought stress mainly because of the enhanced hexokinase ([@CIT0022]; [@CIT0059]). The two wheat genotypes accumulated malic acid, oxalic acid and fumaric acid to maintain intracellular ionic balance and nutrient uptake to resist drought stress ([Table 1](#T1){ref-type="table"} and [Fig. 4](#F4){ref-type="fig"}, *P* \< 0.05). Malic acid exhibits a significant positive correlation with total organic acid content; the rate of malic acid utilization in sink tissues decreases under drought stress mainly because of the suppression of the NAD-dependent malate dehydrogenase ([@CIT0043]). We suggest that the most important compatible solutes are proline, sugars (sucrose, fructose and mannose) and organic acids (malic acid, oxalic acid and succinic acid) in shoots.

Conclusions {#s17}
===========

The comparison of metabolites in JD17 (drought-tolerant) and JD8 (drought-sensitive) wheat genotypes under control and drought stress conditions, showed that the levels of some metabolites differed between the two genotypes under drought stress. Compared with JD8, JD17 contained lower levels of fructose, sucrose and cellobiose in shoots and higher levels of fructose-6-P and glutamate under normal conditions. The results showed that JD8 exhibited higher capability of sugars synthesis than JD17. On the basis of the comparison results of metabolic profiles and SPAD values between drought-tolerant JD17 and drought-sensitive JD8 wheat genotype under drought stress, the harmful effects of drought stress on the distribution and accumulation of metabolites in JD8 were significantly greater than those in JD17. Under drought stress, JD17 accumulated higher levels of proline; sucrose, fructose, mannose and tagatose; malic acid, oxalic acid and fumaric acid in shoots. These metabolites are commonly considered as compatible solutes, which are involved in osmotic adjustment, protecting membranes and proteins from the damage by ROS. The results suggested that a high level of energy and sugar content is crucial for shoots to develop drought stress tolerance, and active synthesis metabolism is a basic response for shoots to tolerate drought stress. The active synthesis metabolisms of nutrients were dramatically enhanced in shoots, which improved the ROS detoxification capacity, osmotic adjustment, membrane stability and drought tolerance.
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